This study compared direction discrimination of cyclopean (stereoscopic) and luminance motion involving stimuli equated for effective strength. The stimuli were random-walk cinematogram (RWC) displays whose signal and noise discs were created from binocular disparity differences embedded in a dynamic random-dot stereogram or from luminance differences. Experiment 1 measured global motion detection thresholds for cyclopean and luminance stimuli by manipulating the proportion of signal to noise discs. Detection thresholds for cyclopean motion were about 25% whereas detection thresholds for luminance motion were 5%, thus five times more cyclopean motion events than luminance events were necessary to elicit threshold responding. Experiment 2 measured thresholds for discriminating the direction of cyclopean and luminance motion under conditions of equal stimulus strength by presenting the motion displays at equal multiples of detection threshold. Direction discrimination thresholds (ranging from about 5-30 deg, depending upon conditions) were similar for cyclopean and luminance motion, thus the precision with which the pooling of local motion events in one direction can be discriminated from the pooling of events in a slightly different direction is the same for cyciopean and luminance stimuli. The finding that cyclopean motion information is pooled is consistent with the idea that the direction of cyclopean motion is coded in the responses of a population of directionally selective mechanisms. © 1997
INTRODUCTION
One fundamental aspect of motion perception is the ability to discriminate fine differences in the direction of moving objects. Indeed, under optimal conditions, differences in motion direction in the order of only a few degrees may be discriminated (e.g. DeBruyn & Orban, 1988; Pasternak & Merigan, 1984; Westheimer & Wehrhahn, 1994) . This ability is probably based upon changes in the activity level of directionally selective mechanisms thought to underlie the coding of motion direction (Levinson & Sekuler, 1976; Marshak & Sekuler, 1979; Mather & Moulden, 1980) . The present study investigated the discrimination of the direction of laterally moving stimuli defined by differences in binocular disparity, also called stereoscopic motion (Patterson et al., 1992) . Such motion represents information existing at binocular integration, or cyclopean, levels of vision (Julesz, 1971) . Cyclopean motion perception is interesting because it suggests a binocular site for motion processing in so far as motion is computed subsequent to disparity processing (Sekuler, *Department of Psychology, Washington State University, Pullman, WA 99164-4820, U.S.A. ~To whom all correspondence should be sent  Email: rpatter@mail.wsu.edu].
1975). Cyclopean motion represents one kind of higherorder stimulus attribute, the spatiotemporal displacement of which may support motion processing (Cavanagh & Mather, 1989; Patterson et al., 1992) . This study examined direction discrimination of cyclopean motion and formally compared it to direction discrimination of luminance-defined motion under conditions in which stimulus strength was equated for the two stimulus domains. It was important to equate stimulus strength across domains. Unequal strength between domains could produce performance differences whose interpretation would be ambiguous; such performance differences could be produced by mechanisms with different properties, or by mechanisms with essentially the same properties but driven by stimulation of differing strength. One solution to this problem would be to establish a common scale of strength by presenting the cyclopean and luminance stimuli a fixed amount above detection threshold and employing detection threshold as the unit of comparison. This approach has been implemented for comparisons between luminance and chromatic stimuli on tasks involving motion discrimination (Lindsey & Teller, 1990) , texture discrimination (McIlhagga et al., 1990) , and visual masking (Switkes et al., 1988) , and for a comparison between luminance and contrast-modulated stimuli on a task involving speed discrimination (Turano & Pantie, 1989 The present study compared direction discrimination of cyclopean and luminance motion under conditions in which stimulus strength was equated by presenting the two kinds of motion stimuli at equal multiples of detection threshold. To do so, this study employed random-walk cinematograms (RWCs; Williams & Sekuler, 1984) . These stimuli were composed of arrays of spatially-isotropic randomly-positioned discs, either cyclopean or luminance discs. The discs in the arrays were divided into two groups, a signal group and a noise group. Signal discs were displaced such that their next position was in the direction of the motion signal, while noise discs were randomly displaced across frames of the motion sequence. By systematically varying the proportion of signal to noise discs, threshold signal-to-noise ratios needed for the detection of global coherent motion could be measured (Edwards & Badcock, 1994 , 1995 Raymond, 1993) . Once motion detection thresholds were obtained for the cyclopean and luminance stimuli separately, the motion stimuli were presented at equal multiples of detection threshold and direction discrimination was measured by varying the direction in which signal discs traveled.
As discussed by Raymond (1993) , this paradigm measures global coherent motion perception derived from the visual pooling of a number of local motion events. The coherence detection thresholds reflect the minimum number of local motion events necessary to elicit a threshold response in the global pooling mechanism. In our study, the direction discrimination thresholds reflected the precision with which the pooling of local motion events in one direction could be discriminated from the pooling of local motion events in a slightly different direction. The idea of such pooling is consistent with a distributed channel model of direction coding as postulated by Levinson & Sekuler (1976) , Marshak & Sekuler (1979) , and Mather & Moulden (1980) for luminance motion perception, and by *We chose not to examine slower or faster speeds because, in our experience with cyclopean motion perception, speeds below several degrees per second would look sluggish while speeds above about 15 deg/sec would produce temporal summation of disparity information (Patterson et al., 1992) . tTo control for poor spatial resolution, a "form detection" experiment was performed in which static random-disc patterns were presented within a two-alternative temporal forced-choice paradigm. On each trial, observer CB or MD had to determine which of two temporal intervals contained a random-disc pattern. Stimulus parameters were the same as in the main experiment. Two hundred trials were collected. Both observers performed perfectly with cyclopean and luminance stimuli, thus poor resolution did not limit performancc on motion discrimination because our stimuli were clearly visible.
To control for disparity insensitivity, a "disparity discrimination" experiment was performed in which static or moving cyclopean random-disc patterns were presented within a two-alternative temporal forced-choice paradigm for which one interval contained a pattern with a disparity of 11.4 arcmin, while the second interval contained a pattern with a disparity of 5.7 arcmin. On each trial, observer CB or MD had to determine which interval contained the pattern with the lesser disparity. One hundred trials were collected. Both observers performed perfectly, thus a disparity of 11.4 arcmin was above disparity threshold. Becker (1996) and Phinney et al. (1997) for cyclopean motion perception.
In the first experiment, we obtained global motion detection thresholds for cyclopean and luminance stimuli. In the second experiment, we set the amount of motion signal to some equal multiple of the global motion detection threshold for each stimulus type and measured direction discrimination. This allowed us to make a formal comparison of the precision of direction coding for the cyclopean and luminance stimuli.
GENERAL METHODS

Subjects
Two authors (MD and CB) and one naive individual (TL) served as observers. All observers possessed normal or corrected-to-normal acuity in each eye and good stereopsis (tested by Orthorater, Bausch and Lomb).
Stimuli
Arrays of randomly positioned cyclopean or luminance discs (diameter of each disc = 0.49 deg) comprised the random-walk cinematogram displays. Approximately 100 discs were visible through a 12-deg diameter circular aperture at any given time. The cyclopean discs were presented with 11.4 arcmin of disparity, crossed from the display screen.
The discs were presented as two intermingled groups, signal discs and noise discs. The signal discs were displaced in the direction of the motion signal by moving their position a predetermined number of horizontal and vertical pixels. The noise discs were displaced in directions spanning 360 deg (i.e., net motion of noise discs was zero). All discs were randomly redesignated as signal or noise at the beginning of each frame of the motion sequence while the proportion of signal to noise discs (i.e., signal strength) was kept constant over the duration of each motion sequence. The reassignment of discs as signal or noise on each frame eliminated the possibility that observers could base their directional judgments on tracking the position of individual discs across the motion sequence when coherence was less than 100%. To manipulate speed, frame duration was varied while total duration of the motion sequence was always 400 msec and step size was constant at 0.31 deg, thus the number of frames in each motion sequence varied as speed varied. Disc speed was either 6.4 deg/sec (12 frames) or 9.3 deg/sec (8 frames).* If a disc went off the edge of the display during the motion sequence, another disc reappeared in a random position on the opposite side. New disc arrays were generated and displayed on each trial.?
Apparatus
The stereogram generation system was composed of five components: the stereogram generator, the display monitor, the video camera, the computer, and the computer monitor. A custom-built hard-wired dynamic random-dot stereogram generator (Shetty et al., 1979) DIRECTION DISCRIMINATION OF CYCLOPEAN AND LUMINANCE MOTION 2043 generated the stereoscopic stimuli by controlling the red and green guns of a 19-inch Barco Chromatics display monitor running at a refresh rate of 60Hz. The stereogram generator produced on the Barco display red and green random-dot matrices (approximately 5000 dots each matrix) with 50% density. All dots were replaced dynamically, with positions assigned randomly, with every scan of the raster. Thus, the dots of the stereogram appeared to move incoherently in locally random directions, which allowed the cyclopean stimuli to be briefly presented and moved without monocular cues (Julesz & Payne, 1968) .
Stereoscopic viewing was accomplished by having the observers wear glasses containing red and green filters matched to the wavelength of the red and green phosphors of the Barco display monitor. Mean luminance of the red half-image through the red filter was 2.27 cd/ m2; mean luminance of the green half-image through the green filter was 3.90 cd/m 2. With respect to cross-talk, the mean luminance of the red dots seen through the green filter was 0.34 cd/m 2, while the mean luminance of green dots seen through the red filter was 0.22 cd/m 2. Such low cross-talk presented no visible monocular cues in our display (see below).
Stereoscopic stimuli were created by introducing binocular disparity between the red and green matrices by shifting (in integer multiples of dot size) a subset of dots in one eye's view and leaving unshifted corresponding dots in the other eye's view (the gap left by the shift was filled randomly with background dots). The configuration of the shifted subset of dots defining the disparity, which corresponded to the shape of the stereoscopic stimuli on the Barco display monitor, was controlled by electronic signals from a black and white video camera which was positioned in front of a computer monitor and which provided input to the stereogram generator.
An Apple Macintosh IIci computer generated the disc arrays and displayed them on a 14-inch computer monitor running in black and white mode also at a refresh rate of 60 Hz. The computer monitor was controlled by a video card that allowed synchronization of the computer display with the scan rate of the video camera which provided input to the stereogram generator. Custom software written in Pascal generated the RWCs as white discs on a black background, ran the staircases, recorded the observer's responses, and provided auditory feedback after each trial.
We frequently performed control trials in which observers wore either red or green filters over both eyes and attempted forced-choice discrimination of the direction of motion of a large cyclopean pattern (e.g. disc array or square-shaped target) that moved either rightward or leftward on each trial (randomly determined). Observers always failed to perceive the pattern and direction discrimination was at chance level, indicating that monocular cues were not visible in our display.
The stereogram generator could be set to luminance mode in which discs defined by circular areas of dynamic red noise on a black background were presented on the Barco display monitor. Luminance of red areas was 6.5 cd/m 2, luminance of the black areas was 0.04 cd/m 2. Thus, the luminance stimuli were defined by both luminance and chromatic borders. The size, density and spatial arrangement of the luminance discs were the same as for the cyclopean discs. Thus, the observer viewed the same display monitor for the cyclopean and luminance stimuli.
EXPERIMENT 1: MOTION DETECTION
This experiment investigated global motion detection thresholds. Employing a two-alternative temporal forcedchoice task, the observers were shown two displays in temporal succession on each trial, one display with 0% motion signal (noise display) and the other display with a given non-zero percentage of motion signal moving rightward toward 0 deg (signal display). The observer's task was to identify the temporal interval, first or second, that contained the signal display on each trial. The duration of each display was 400 msec with a 666 msec delay between displays.
A staircase algorithm controlled by the computer was used to track the 70.4% detection threshold (Weatherill & Levitt, 1965) . The staircase began at some value of motion signal well above detection threshold (as determined in a preliminary experiment) and was decreased in steps of 10% signal until the first incorrect response, after which the value of motion signal was increased or decreased in 1% steps. Each staircase terminated after 10 reversals, with the motion detection threshold for a given staircase run taken as the average of the last six reversals. For each observer, the motion detection threshold for each condition was taken as the average of nine such threshold estimates.
Results
Because the results were similar for all observers, the data were combined across observers and average values are shown in Fig. 1 , which depicts detection thresholds for cyclopean and luminance motion for the two disc speeds. Global motion detection thresholds were about 25% signal for cyclopean motion and about 5% signal for luminance motion. Thus, observers required about five times more signal for detecting cyclopean motion than for detecting luminance motion. Now that motion detection thresholds for cyclopean and luminance stimuli have been measured, the amount of motion signal could be set to equal multiples of detection threshold for each stimulus type before measuring direction discrimination threshold.
EXPERIMENT 2: DIRECTION DISCRIMINATION
This experiment investigated direction discrimination thresholds. Percentage signal was set at 1,2 or 3 times the detection threshold or at 100%. Employing a procedure similar to that used by McKee (1981) and Westheimer & Wehrhahn (1994) , the observers were shown two displays in temporal succession on each trial, a standard display with motion signal moving rightward toward 0 deg and a comparison display with motion signal moving in a direction slightly different from that of the standard. The observer's task was to indicate whether the comparison moved in a direction clockwise or counterclockwise from that of the standard. The duration of each display was 400 msec with a 666 msec delay between displays. As before, a staircase algorithm controlled by the computer was used to track the 70.4% direction discrimination threshold (Weatherill & Levitt, 1965) . The staircase always began with the difference between directions of standard and comparison set at 18 deg and initially decreased that difference in 4 deg decrements until the first incorrect response, after which the difference in directions was increased or decreased in 1 deg steps. Each staircase consisted of 12 reversals, with the discrimination threshold for a given staircase run taken as the average of the last six reversals. For each observer, the direction discrimination threshold for each condition was taken as the average of eight such threshold estimates.
Results
Because the results were similar across observers, the data were combined across observers and average values are shown in Fig. 2 , which depicts direction discrimination thresholds for cyclopean and luminance motion presented at different multiples of detection threshold for 6.4deg/sec [ Fig. 2(a) ] and 9.3 deg/sec [ Fig. 2(b) ]. Direction discrimination thresholds decreased with increasing threshold multiple, as is typical in stimulus strength experiments (Webster et al., 1990) . Thresholds THRESHOLD MULTIPLE FIGURE 2. Threshold for discriminating direction of global motion as a function of presentation of motion at different multiples of detection threshold for cyclopean (filled bars) and luminance (shaded bars) stimuli. Each point represents the mean of three observers (average of eight threshold estimates each observer). Error bars equal 1 SEM. When signal strength was 100% for both stimulus types, cyclopean thresholds were 2.5 times higher than luminance thresholds across observers and conditions (data not shown).
were similar for cyclopean and luminance motion at each multiple of detection threshold. An analysis of variance computed on the combined data showed that threshold multiple significantly affected discrimination threshold (P < 0.01). The analysis also revealed that there was no reliable difference between cyclopean vs luminance motion, no significant effect of speed, and no reliable interactions among threshold multiple, type of motion and speed (all P > 0.2).
When signal strength was set to 100% for both stimulus types, cyclopean thresholds were 2.5 times greater than luminance thresholds across observers and conditions (average cyclopean threshold = 3.4 deg; average luminance threshold = 1.4 deg; data not shown). coherent global cyclopean motion is five times higher than the threshold for detecting coherent luminance motion. Assuming that the coherence detection threshold reflects the minimum number of local motion events necessary to elicit a threshold response in a global pooling mechanism (Raymond, 1993) , we infer that five times more local cyclopean motion events than luminance motion events are necessary to elicit a threshold response in the global pooling mechanism. One may posit that either the initial filtering of the cyclopean stimuli generates weak signals, or that the projection of the cyclopean signals to the global pooling mechanism is weak; in either case, a greater number of local cyclopean motion signals would be needed to engage the global pooling mechanism. Thus, moving boundaries defined by differences in binocular disparity engender weak responding by the motion system relative to boundaries defined by differences in luminance. The present study provides a quantitative estimate of the relative strength of cyclopean vs luminance motion (i.e., a strength ratio of 1:5).
The idea that cyclopean boundaries provoke relatively weak responding by the motion system is consistent with suggestions made by other authors (Cavanagh & Mather, 1989; Bowd et al., 1996; Patterson et al., 1991 Patterson et al., , 1994 . For example, Patterson et al. (1994) found that greater adaptation durations are required for cyclopean motion to induce reliable motion aftereffects relative to the adaptation durations required for luminance motion, a result which shows that responses to cyclopean motion are relatively weak for inducing adaptation aftereffects.
The relative weakness of the motion system in responding to cyclopean stimuli may have produced a series of negative results, as reported in the literature over the years. For example, a number of authors (Cavanagh, 1995; Papert, 1964; Steinbach & Anstis, 1976 as cited in Anstis, 1980; Zeevi & Geri, 1985) have reported that cyclopean motion induces little or no motion aftereffect. However, these authors probably used adaptation durations that were too brief to induce robust cyclopean aftereffects (Patterson et al., 1994) . As another example, Chang (1990) studied the perceptual interaction of cyclopean and luminance motion. When the direction of cyclopean motion was the same as the direction of luminance motion, the cyclopean motion was perceived clearly; when the direction of cyclopean motion was opposite to the direction of luminance motion (or when luminance motion was absent), cyclopean motion was perceived weakly. Based on these results, Chang (1990) argued that cyclopean motion perception was mediated by sensing positional change rather than sensing motion. However, given the outcome of the present study, we suggest that Chang's results probably arose from a mismatch in stimulus strength between her cyclopean and luminance stimuli. [Strong evidence that cyclopean motion perception is not based on positional information comes from Patterson et al. (1997 and Johns et al. (1996) ].
Experiment 2 reveals that direction discrimination thresholds are, on average, very similar for cyclopean and luminance stimuli when they are equated for effective strength by presenting them at equal multiples of detection threshold. These results suggest that the precision with which the pooling of local motion events in one direction can be discriminated from the pooling of motion events in a slightly different direction is, on average, the same for the cyclopean and luminance domains, although slight differences in discrimination performance between the two domains may arise owing to individual differences. Experiment 2 suggests that the global mechanism that codes for motion direction demonstrates similar directional tuning characteristics for cyclopean and luminance stimuli; the mechanism seems to differ only in its relative sensitivity to the two types of stimuli, a conclusion consistent with studies investigating texture-defined motion perception (Edwards & Badcock, 1995) . The results of this study showing global pooling of cyclopean motion are consistent with a distributed channel model of direction coding. A distributed channel model posits that the motion system is composed of a number of directional "channels" or mechanisms, each sensitive to a different subrange of directions, and perceived direction corresponds to the pattern of activity pooled across the channels (Levinson & Sekuler, 1976; Marshak & Sekuler, 1979; Mather & Moulden, 1980; Raymond, 1993) . Signatures of such a coding scheme include repulsive aftereffects (Levinson & Sekuler, 1976) , simultaneous-motion contrast effects (Marshak & Sekuler, 1979; Mather & Moulden, 1980) , and postadaptation elevation of direction-discrimination thresholds some distance away from the direction of adaptation (Regan & Beverly, 1983 Regan & Beverly, 1985 Wilson & Gelb, 1984) .
Recently, Patterson & Becker (1996) have shown that cyclopean motion induces repulsion aftereffects and simultaneous-motion contrast effects, while found that post-adaptation thresholds for discriminating the direction of cyclopean motion are elevated. Thus, the Patterson and Becker and Phinney et al. studies provide evidence for a distributed channel model of direction coding of cyclopean motion.
The results of the present study showing global pooling of cyclopean motion are consistent with such a model: directional information about cyclopean motion is pooled across a distributed channel representation.
